We report the anion photoelectron spectrum of I 2 − taken at 5.826 eV detachment energy using velocity mapped imaging. The photoelectron spectrum exhibits bands resulting from transitions to the bound regions of the
I. INTRODUCTION
Molecular iodine represents one of the benchmark systems of diatomic spectroscopy. It presents unique experimental and theoretical challenges owing to its large number of excited electronic states and the importance of relativistic effects in determining the properties of these states. While the ground state and several excited states of I 2 have been characterized in exquisite detail, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] other relatively lowlying excited states have not been characterized experimentally, some because they are not optically allowed in transitions from the ground state and others because optical excitation from the I 2 ground state ͑R e = 2.666 Å͒ accesses strongly repulsive, spectrally congested regions of the potential energy curves for these states, resulting in overlapped, structureless bands, from which the extraction of contributions from individual electronic transitions is challenging.
Here we report the anion photoelectron spectroscopy of I 2 − at 212.8 nm using velocity mapped imaging ͑VMI͒. The experiment accesses several high-lying excited states of I 2 that have not been previously observed. Photoelectron spectroscopy has more relaxed selection rules than optical spectroscopy. Moreover, since the equilibrium bond distance in the ground state of I 2 − , 3.205 Å, 11 is considerably longer than in the I 2 ground state, the excited states accessed are, in most cases, better separated and more gently sloping, facilitating their characterization.
Molecular iodine has ten valence electrons and the orbital occupancy can be represented as g m u n g p u q , with m + n + p + q = 10. It is convenient to classify the electronic states of I 2 and I 2 − using the notation proposed by Mulliken, 11 in which each I 2 state is labeled mnpq. Hence, the orbital occupancy for ground state I 2 is g 2 u 4 g 4 u 0 or 2440, while that for ground state I 2 − is 2441 since the orbital occupancy is g 2 u 4 g 4 u 1 . This notation facilitates identification of the oneelectron photodetachment transitions that dominate photoelectron spectroscopy.
The potential energy surfaces for I 2 have been investigated extensively using a variety of theoretical techniques. Recent calculations for the ground and excited states of I 2 have used multireference configuration interaction 9 with several treatments including relativistic effects. 2, 3, 12 The spinorbit interaction in I 2 gives a total of 23 valence electronic states converging to the three I͑ 2 P ⍀ ͒ + I͑ 2 P ⍀ ͒ asymptotes. To remain consistent with previous studies 1-3 of I 2 we give Hund's case ͑c͒ designation for the electronic states in parentheses, so the ground state is X 1 ⌺ g + ͑0 g + ͒. Figure 1 shows the potential energy curves for a portion of ground state of I 2 as well as some of the excited states of I 2 correlating with both I͑ 2 P 3/2 ͒ + I͑ 2 P 3/2 ͒ and I͑ 2 P 3/2 ͒ + I͑ 2 P 1/2 ͒ products. The I 2 potential energy curves are taken from Ref. 3 . The vertical arrow and blue horizontal line denote the energetic limit for photodetachment from I 2 − using a 5.826 eV photon. The figure caption identifies the excited states of I 2 that are important in the present work.
The photoelectron spectroscopy of I 2 − has been studied using both conventional 11, 13 and ultrafast methods. 11, [14] [15] [16] Previous work from our group 11 used a combination of conventional and ultrafast anion photoelectron spectroscopy to develop a ground state Morse potential for I 2 − . Conventional anion photoelectron ͑PE͒ spectroscopy experiments have previously explored photodetachment transitions to the ground state of I 2 and the excited AЈ 3 ⌸ u ͑2 u ͒ and A 3 ⌸ u ͑1 u ͒ states at 299 nm. 11 Subsequent PE spectra at 266 nm ͑4.661 eV͒ showed transitions assigned to the BЈ 3 ⌸ u ͑0 u − ͒, BЉ 1 ⌸ u ͑1 u ͒, and B 3 ⌸ u ͑0 u + ͒ states of I 2 , but did not confirm these assignments through simulations. 13 As discussed below, the assignment of a peak at 4.418 eV binding energy to the B 3 ⌸ u ͑0 u + ͒ state of I 2 is in error; the current work corrects the assignment and characterizes several higher electronic states by measuring the I 2 − photoelectron spectrum at 5.826 eV ͑212.8 nm͒ with VMI.
Anion photoelectron spectroscopy using VMI has become increasingly attractive as it offers high collection efficiency, reasonable resolution, and the ability to measure photoelectron kinetic energy and angular distributions simultaneously. [16] [17] [18] [19] Moreover, VMI is very sensitive to very low energy photoelectrons, in contrast to detection schemes based on field-free 20, 21 and magnetic bottle time-of-flight analyzers. 22 However, the photoelectron imaging optics used to collect electrons are susceptible to production of background electrons from stray photons impinging on the optics. As a result, no anion VMI spectra have been reported at photon energies above 4.661 eV. We have made some simple modifications to the electron optics that have resulted in significant reduction of background photoelectrons, enabling us to obtain VMI spectra at 5.826 eV and opening the possibility for future studies at higher photon energy.
In the next section, we review the essential components of our spectrometer and the required modifications to perform VMI at 5.826 eV. In Sec. III, results are presented along with a preliminary assignment of the individual bands in the PE spectrum. In Sec. IV, we discuss the fits to the bands in our photoelectron experiments by simulating photodetachment transitions to both neutral bound and unbound states.
II. EXPERIMENT
As with previous experiments, 15 psig Ar carrier gas passes over solid I 2 ; the resulting I 2 : Ar gas is expanded supersonically through a piezoelectric valve 23 and then crossed with a 1 keV electron beam. Anions are mass selected using a linear reflectron mass spectrometer giving a mass resolution of m / ⌬m = 2000.
Anions are photodetached using 212.8 nm photons from the fifth harmonic of an Nd:YAG laser ͑SpectraPhysics PRO-290͒. The laser is focused 1.5 cm before the interaction region using a 50 cm fused silica lens and detached photoelectrons are collected using VMI. 24, 25 Conventional velocity mapped imaging 24, 25 uses a three plate ion optical stack to create an immersion lens in the interaction region of the chamber. As shown in Fig. 2͑a͒ , a laser crosses the neutral or anion species of interest perpendicular to the VMI time-offlight axis ͓the vertical axis in Fig. 2͑a͔͒ . The lower plate ͑repeller͒ in the ion optics stack is typically solid or has a very small center hole ͑ϳ1-2 mm͒. The other two plates ͑extractor and ground͒ in the VMI stack have large center holes ͑Ͻ1 / 4 of the outer diameter of the plate͒. Figure 2͑b͒ shows the experimental setup used in the current study. It incorporates two modifications aimed at reducing background electrons from photons striking the repeller. The repeller is equipped with a center grid ͓B in Fig.  2͑b͔͒ , which allows for transmission of ϳ70% of all scattered photons while maintaining a uniform electric field in the interaction region. Below the repeller is an additional plate ͓A in Fig. 2͑b͔͒ , which is maintained at a positive bias 
The olive line is two close lying excited states, namely, the
Finally, the series of states that contribute to band C are shown in orange. In order of increasing energy, these states are
The dashed black states correspond with I 2 states that are observed in the photoelectron spectrum. With both arrangements, the laser and anion beam enter the interaction region perpendicular to the VMI time-offlight axis. Neutrals formed by the detachment process are detected using a microchannel plate detector ͑MCP͒ positioned after the VMI region. Detached electrons are projected upwards towards a two dimensional ͑2D͒ position sensitive detector. The 2D detector consists of two microchannel plates and a phosphor screen. The phosphor screen output is imaged using a charge-coupled device ͑CCD͒ camera. To obtain the photoelectron spectrum, we perform an inverse Abel transform on the raw image using the basis set expansion ͑BASEX͒ program. 26 The photoelectron spectrum is calibrated by taking the photoelectron spectrum of I − and Br − at 212.8 nm. The full width at half maximum ͑FWHM͒ for the transition to the I 2 P 3/2 state is ϳ2.0 pixels and the corresponding energy resolution is 2.5%. Figure 3͑a͒ shows the image of I − photodetached at 212.8 nm using the conventional VMI imaging optical setup in Fig. 2͑a͒ . The bright spot dominating the center of the image is from background electrons ejected by laser photons striking the lower electron optic in the VMI stack. Figure  3͑c͒ shows the photoelectron spectrum derived from the image in Fig. 3͑a͒ . The background electrons result in a peak at low electron kinetic energy ͑eKE͒, somewhat akin to what is seen in time-of-flight analyzers at the same or higher photon energy. Figure 3͑b͒ shows the photoelectron image of I − photodetached at 212.8 nm using the modified VMI optics shown in Fig. 2͑b͒ . The center spot is now gone, and instead one observes background electrons primarily as a spot to the left of the main image, presumably resulting from stray photons striking the solid outer ring of the repeller. Figure 3͑d͒ shows the corresponding photoelectron spectrum. The background is much reduced in magnitude and appears at high electron kinetic energy. Electrons scattered from the grid are not velocity mapped onto the detector. Since the detachment laser is focused before the interaction region then most scattered electrons appear after the interaction region and map to the left side of the image in Fig. 3͑b͒ . This apparent shifting of the background to high eKE is desirable because the low eKE range is typically of greater interest at high photon energies. Figure 4 shows the background subtracted velocity mapped image for photoelectrons detached from I 2 − at 212.8 nm along with the transformed image. Fluctuations in laser power, due to the unheated fifth harmonic crystal, result in the residual background spot to the left in Fig. 4 . Figure 5 Fig. 4͑a͒ . The background from scattered laser photons gives an intense peak at low eKE. ͑d͒ Electron kinetic energy ͑eKE͒ distribution determined from the image in Fig.  4͑b͒ . The background from scattered laser photons gives an broad peak at high eKE. 
III. RESULTS
vector. ͑a͒ Photoelectron image ͑left half͒ and transformed image ͑right half͒ of I − at 212.8 nm using traditional VMI imaging optics shown in ͑a͒ and ͑b͒. Photoelectron image ͑left half͒ and transformed image ͑right half͒ of I − at 212.8 nm using the VMI imaging optics shown in ͑b͒. ͑c͒ Electron kinetic energy ͑eKE͒ distribution determined from the image in
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Photoelectron imaging of I 2
shows the I 2 − photoelectron spectrum obtained from the image in Fig. 4 . The photoelectron spectrum is plotted in electron binding energy ͑eBE͒ defined as
where h is the energy of the detachment photon ͑5.826 eV for 212.8 nm͒ and eKE is the kinetic energy for the detached electron. The vertical detachment energy ͑VDE͒ is defined as the eBE at the band maximum.
From the transformed image, the photoelectron angular distribution is determined for each band and the angular distribution is fit according to 27 
I͑͒
where I͑͒ is the photoelectron angular distribution and P 2 ͑cos ͒ is the second Legendre polynomial. The anisotropy parameter ␤ ranges from −1 to 2, with the limits corresponding to sin 2 and cos 2 distributions, with respect to the laser polarization axis ͑arrow in Figs. 3 and 4͒ .
The PE spectrum shown in Fig. 5 consists of four bands labeled X, A, B, and C. Bands X and C are broad and structureless while band A consists of two resolved peaks and band B consists of four partially resolved peaks. Table I gives the VDE and value of ␤ for each band in the photoelectron spectrum. Our laboratory has previously observed bands X, A 0 , A 1 , B 0 , B 1 , and B 2 at lower photon energy with significantly higher resolution. 11, 13 Bands in the photoelectron spectra are assigned based on the previously calculated I 2 − ground state potential curve 11 and the curves for the ground and valence excited states of I 2 . 3 The band assignments are given in Table I . Bands X and A were assigned previously as photodetachment to the I 2 13 The assignments for bands B 2 , B 3 , and C require additional analysis, given in Sec. IV.
IV. ANALYSIS AND DISCUSSION
The photoelectron spectrum in Fig. 5 comprises transitions to multiple electronic states of I 2 , of which some are bound and others repulsive over the range of internuclear distances probed by photodetachment, the Franck-Condon ͑FC͒ region. Based on the potentials in Fig. 1 and our earlier photoelectron spectra, photodetachment to the X, A, AЈ, and B states accesses bound vibrational levels of I 2 , whereas transitions to the other electronic states primarily accesses continuum states. In simulations of the PE spectrum, these two types of transitions are treated somewhat differently. For the bound electronic states, the PE spectrum is simulated by calculating FC factors for transitions between anion and neutral vibrational levels. The resulting stick spectrum of individual vibrational transitions is then convoluted with the instrument resolution to generate the resulting band profile. Proper calculation of the FC factors requires the vibrational state distribution for the nascent anion, determined from an estimated temperature of 125 K. The equilibrium bond distances, R e , the vibrational frequencies, e , and the term energies, T e , used in the FC simulations are from previous studies of I 2 ͑Table II͒. The parameters for I 2 − are from previous PE spectroscopy studies. 11, 13 For electronic states in which photodetachment accesses the repulsive wall, we fit the neutral excited states 3 to Morse potentials ͑typically with very shallow wells͒ and use the previously determined Morse function for the anion ground state. 11 Some of the adiabatic excited state curves for these neutral excited states undergo avoided crossings, but these 
Reference 13. occur at internuclear distances considerably shorter than those probed in our experiment; 2,3 this point is considered in more detail below. Hence, Morse functions are an adequate representation of these curves in the anion FC region. The FC factors for transitions to the nominally repulsive states are determined using a discrete variable representation ͑DVR͒ procedure [28] [29] [30] with an assumed anion vibrational temperature of 125 K.
The overall simulations are shown as gray shaded regions in Fig. 5 . Band X has been previously observed and assigned as a transition to the I 2 X 1 ⌺ g + ͑0 g + ͒ ground electronic state. 11, 13 Photodetachment to the X 1 ⌺ g + ͑0 g + ͒ state corresponds to the 2441→ 2440 electronic transition, which is one-electron allowed. The large geometry change between the anion and neutral results in a photoelecton spectrum peaking at quantum numbers vЈ = 29-30 of the I 2 X 1 ⌺ g + ͑0 g + ͒, which accounts for the broad shape of this peak. 11 Using the well known experimental parameters for the anion and neutral ground states, the FC simulation fits band X with the adiabatic electron affinity of 2.524± 0.015 eV, in agreement with the literature value of 2.524± 0.005 eV.
11
Bands A 0 and A 1 were previously observed in the I 2 − photoelectron spectra at 299 nm and 266 nm. 13 The two bands are fitted using the parameters in Table II for the AЈ 3 ⌸ u ͑2 u ͒ and A 3 ⌸ u ͑1 u ͒ state, respectively. Photodetachment to either state corresponds to a 2441→ 2431 electronic transition. The term energies for both bands lie within 4 meV of the previous experimental determinations. The 299 nm photoelectron spectrum from Zanni et al. 11 showed a limited vibrational progression for bands A 0 and A 1 , but no progression are resolved for either band in Fig. 5 .
We now discuss the analysis of bands B 0 -B 3 and band C. In the previous study at 266 nm, bands B 0 , B 1 , and B 2 were observed and assigned to transitions to the BЈ 3 ⌸ u ͑0 u − ͒, BЉ 1 ⌸ u ͑1 u ͒, and B 3 ⌸ u ͑0 u + ͒ states of I 2 , respectively, but no analysis was performed to support these assignments. At 266 nm, band B 3 was out of range. The more complete data set at 212.8 nm shows that the assignment of the band B 2 to the B 3 ⌸ u ͑0 u + ͒ was incorrect, and that band B 3 should be assigned to this state. Photodetachment to the B 3 ⌸ u ͑0 u + ͒ state involves a 2441→ 2431 electronic transition. The FC simulation, using literature values 7 for the term energy and the vibrational frequency, gives VDE= 4.509 eV for the B 3 ⌸ u ͑0 u + ͒ state, in good agreement with band B 3 . The previous assignment of band B 2 peak as the B 3 ⌸ u ͑0 u + ͒ state yields a term energy almost 100 meV too low in energy and is therefore in error.
All remaining potential energy curves in Fig. 1 are repulsive in the FC region, although some of them have shallow wells ͑D e ഛ 115 meV͒ with long equilibrium bond lengths ͑R e Ͼ 3.7 Å͒. Hence, photodetachment will access continuum rather than bound states supported by these curves, and simulation of the corresponding bands B 0 , B 1 , B 2 , and C in the photoelectron spectrum is done using the DVR code.
Band B 0 is fitted as the BЈ 3 ⌸ u ͑0 u − ͒ state, corresponding to a 2441→ 2431 electronic transition using the potential energy surface from de Jong et al. 3 For the FC simulation, the term energy for the BЈ 3 ⌸ u ͑0 u − ͒ state is T e = 1.514± 0.015 eV, in close agreement with the previous experimental number of 1.511 eV. 5 Band B 1 is fitted using the potential for the BЉ 1 ⌸ u ͑1 u ͒ state of I 2 from de Jong et al., corresponding to a 2441→ 2341 electronic transition 3 with a term energy of T e = 1.530± 0.015 eV in good agreement with the previous experimental value of 1.534 eV. 6 These assignments agree with those given previously.
13 Figure 1 shows that in the FC region of the anion ͑R = 3.205 Å͒, two very close-lying states lie between the BЉ 1 ⌸ u ͑1 u ͒ and the B 3 ⌸ u ͑0 u + ͒ states, namely, the 3 ⌸ g ͑2 g ͒ and a 3 ⌸ g ͑1 g ͒ states. Photodetachment to both states corresponds to a 2441→ 2341 electronic transition, so transitions to these states are reasonable candidates for band B 2 . We find that band B 2 can be simulated using the potential energy surfaces calculated by de Jong et al. 3 for the 3 ⌸ g ͑2 g ͒ and a 3 ⌸ g ͑1 g ͒ states without modification from Ref. 3 . In the FC region, these states are split by only ϳ10 meV in the FranckCondon region and we cannot resolve separate contributions from them, so we assume equal photodetachment cross sections.
Band C is quite broad ͑ϳ300 meV͒ and its energy is in the range of photodetachment to several repulsive electronic states: the 3͑0 g + ͒ state ͑ 3 ⌸ g in the FC region͒, 3 ⌸ g ͑0 g − ͒, and 1 ⌸ g 3͑1 g ͒ states, all of which are predominantly 2341 in the FC region, and the 3͑0 u − ͒ state ͑ 3 ⌺ u + in the FC region͒ and C 3 ⌺ u + ͑1 u ͒ states, both of which are 1441 in the FC region. These states are shown by the orange curves in Fig. 1 . With the exception of the C 3 ⌺ u + ͑1 u ͒ state, none of the other four states contributing to band C have been experimentally observed. In order to fit the high energy edge of band C, the potential energy curve for the C 3 ⌺ u + ͑1 u ͒ state in Ref. 3 had to be shifted down by 15 meV in the FC region of the anion. This is consistent with the observation by de Jong et al. 3 that the calculated vertical excitation energy for the C 3 ⌺ u + ͑1 u ͒ from the I 2 ground state is ϳ100 meV higher than the experimental value; 31 the difference between the experimental and calculated curves should be smaller at larger R, since the asymptotic energy is fixed.
Note that the case ͑c͒ labels of these states refer to the 3 and C in the photoelectron spectrum, as shown by the lines in Fig. 5 ͑top͒. These simulated features do not match any of the experimental bands. The preceding discussion indicates that the dominant configurations of the 2͑0 g + ͒ and 2͑0 u − ͒ states in the anion FC region are 2422 and 2332, respectively; neither of which is accessible via one-electron detachment from the anion 2441 ground state. There are also several electronic states above the C state ͑dashed lines in Fig. 1͒ that are energetically accessible but not seen in our experiment. All have either 2422 or 2332 electronic character and are therefore not available through one-electron detachment. Hence, it appears that the relatively simple idea of one-electron detachment holds even for detachment to the fairly dense manifold of I 2 excited states probed in our experiment.
V. CONCLUSIONS
We have measured the photoelectron spectrum of I 2 − following detachment at 5.826 eV ͑212.8 nm͒ using VMI. The first three bands in the photoelectron spectrum, X, A 0 , and A 1 , have been observed in previous photoelectron experiments at 299 nm and 266 nm. 11 Band X is fitted as I 2 − photodetachment to I 2 X 1 ⌺ g + ͑0 g + ͒ and bands A 0 and A 1 as photodetachment to I 2 AЈ 3 ⌸ u ͑2 u ͒ and I 2 A 3 ⌸ u ͑1 u ͒ using a FC simulation. Bands B 0 and B 1 in the photoelectron spectrum were observed previously at 4.661 eV detachment energy and assigned as transitions to the BЈ 3 ⌸ u ͑0 u − ͒ and BЉ 1 ⌸ u ͑1 u ͒ states of I 2 , respectively. The previous I 2 − photoelectron study at 4.661 eV assigned band B 2 as photodetachment to I 2 B 3 ⌸ u ͑0 u + ͒. According to the Franck-Condon simulations the vertical detachment energy for I 2 B 3 ⌸ u ͑0 u + ͒ is 4.509 eV which is in good agreement with band B 3 . Band B 2 is reassigned as photodetachment to the repulsive walls of the 3 ⌸ g ͑2 g ͒ and a 3 ⌸ g ͑1 g ͒ excited states of I 2 . Band C is assigned as photodetachment to a series of I 2 repulsive states:
⌺ u − 3͑0 u − ͒, and C 3 ⌺ u + ͑1 u ͒. Finally, transitions to several excited states of I 2 do not appear in the photoelectron spectrum. The missing transitions correspond to photodetachment to excited states involving a twoelectron change in orbital occupancy, which is nominally forbidden.
